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Abstract
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Orlistat has been the most used anti-obesity drug and the mechanism of its action is to reduce lipid
absorption by inhibiting gastrointestinal lipases. These enzymes, like carboxylesterases (CESs),
structurally belong to the α/β hydrolase fold superfamily. Lipases and CESs are functionally
related as well. Some CESs (e.g., human CES1) have been shown to hydrolyze lipids. This study
was designed to test the hypothesis that orlistat inhibits CESs with higher potency toward CES1
than CES2, a carboxylesterase with little lipase activity. Liver microsomes and recombinant CESs
were tested for the inhibition of the hydrolysis of standard substrates and the anticancer prodrugs
pentyl carbamate of p-aminobenzyl carbamate of doxazolidine (PPD) and irinotecan. Contrary to
the hypothesis, orlistat at 1 nM inhibited CES2 activity by 75% but no inhibition on CES1, placing
CES2 one of the most sensitive targets of orlistat. The inhibition varied among some CES2
polymorphic variants. Pretreatment with orlistat reduced the cell killing activity of PPD. Certain
mouse but not rat CESs were also highly sensitive. CES2 is responsible for the hydrolysis of many
common drugs and abundantly expressed in the gastrointestinal track and liver. Inhibition of this
carboxylesterase probably presents a major source for altered therapeutic activity of these
medicines if co-administered with orlistat. In addition, orlistat has been linked to various types of
organ toxicities, and this study provides an alternative target potentially involved in these
toxicological responses.
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1. INTRODUCTION
Obesity is probably the most important health issue and associated with a wide range of
health conditions such as cardiovascular diseases, type II diabetes and certain types of
cancers (1–3). In Great Britain, obesity crisis has risen 10 times during the past decade (4).
In the United States (US), the direct cost of obesity is estimated as many as 10% of all
medical cost (5). Among the US population, more than 30% are considered obese and
almost 70% are overweight. The prevalence of obesity is slightly lower in men than women,
but the prevalence in men has shown a clear trend of increase during the past decade.
Importantly, obesity is no longer an issue of adults only, and the prevalence has reached an
all-time high in children and adolescents (6), and more than 10% of these populations are
considered obese or overweight. Overweight children have much higher chance of becoming
obese adults.
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Obesity and overweight are caused by a combination of excessive food intake and lack of
exercise. Clearly, changes in life styles probably represent the most effective approach to
lose weight (7). Intervention with medication has been increasingly used (8). Orlistat is
widely used for this purpose and marketed under prescription and over-the-counter (9). The
mechanism of action is to inhibit pancreatic and functionally related lipases. Pancreatic
lipases are normally secreted into the lumen of the small intestine and hydrolyze
triglycerides (11). Lipids are absorbed upon hydrolysis, and inhibition of the lipases reduces
the hydrolysis, thus decreasing the fat intake. In addition to weight loss, orlistat has been
shown to improve conditions such as hypertension and type II diabetes (12). On the other
hand, orlistat has been implicated with severe liver toxicity (13).
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Lipases, like carboxylesterases (CESs), structurally belong to the α/β fold hydrolase
superfamily (10). While CESs hydrolyze drugs and other xenobiotics, some CESs hydrolyze
lipids as well (14, 15). In the human genome, seven CES genes exist with one being a
pseudogene (16, 17). Nonetheless, only three human CESs are catalytically characterized:
CES1, CES2 and CES3 (17). CES3 is much weaker enzyme in terms of metabolizing
common drugs. In a proteomic study, CES1 was identified as one of the top ten most
abundant proteins in the adult liver (18). More importantly, CES1 but not CES2 has been
shown to hydrolyze neutral lipids (15). In contrast, CES2 preferably hydrolyzes bulky
molecules such as the anticancer agents: irinotecan (19) and pentyl carbamate of paminobenzyl carbamate of doxazolidine (PPD) (20, 21).
This study was performed to test the hypothesis that orlistat inhibits CESs with higher
potency toward CES1 than CES2, a carboxylesterase with little lipase activity. To test this
hypothesis, recombinant CESs from human, mouse and rat were incubated with orlistat at
various concentrations (1–100 nM) and the hydrolytic activity was determined. While
orlistat inhibited all CESs tested, however, the relative potency varied markedly. Contrary to
the hypothesis, CES2 was much more sensitive than CES1. Among all CESs, human CES2
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and mouse ces2c were inhibited to the most extent and represent one of the most sensitive
targets of orlistat. The inhibition was irreversible and occurred intracellularly. Orlistat
inhibited the activation of PPD and irinotecan, thus decreasing its cell killing activity.

2. MATERIALS AND METHODS
2.1. Chemicals and supplies
Cycloheximide (CHX), p-nitrophenylacetate, 1-naphthylacetate, orlistat and Hanks balanced
salt solution were from Sigma (St. Louis, MO). Dulbecco’s modified eagle medium
(DMEM) and high fidelity Platinum Taq DNA polymerase were from Life Technologies
(Carlsbad, CA). The antibody against glyceradehyde-3-phosphate dehydrogenase (GAPDH)
was from Abcam (Cambridge, UK). The goat anti-rabbit IgG conjugated with horseradish
peroxidase was from Pierce (Rockford, IL). Nitrocellulose membranes were from Bio-Rad
(Hercules, CA). Expression constructs for mouse CESs were purchased from OriGene
(Rockville, MD). Synthesis of PPD was described elsewhere (20, 21). Unless otherwise
specified, all other reagents were purchased from Thermo-Fisher Scientific (Fair Lawn, NJ).
2.2. Enzymatic assays
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Liver tissues were homogenized and microsomes were prepared by differential
centrifugation as described previously (22–24). Human liver tissues (n = 14, equal number
of each gender) were from the University of Maryland Brain and Tissue Bank for
Developmental Disorders (Baltimore, MD) (24). Sprague-Dawley rats (male, n = 4) and
CD-1 mice (male, n = 4) were from Charles River (Wilmington, MA). The use of the human
samples and animals was approved by the Institutional Review Board and the Institutional
Animal Care and Use Committee. The enzymatic activity was determined
spectrophotometrically as described previously (19). The activity was also determined by
native gel electrophoresis stained for carboxylesterase activity (25). Briefly, liver
homogenates (10 μg) were solubilized with 0.2% Lubrol and subjected to electrophoresis
through a 3% acrylamide stacking gel and a 7.5% acrylamide separating gel. After
electrophoresis, the gels were washed for 1 h in 100 mM potassium phosphate buffer (pH
6.5), followed by incubating in the same buffer containing 1-naphthylacetate (5 mM) and 4benzolamino-2,5-dimethoxybenzenediazonium chloride hemi (zinc chloride) salt, usually
termed Fast Blue RR (0.4 mg/ml). Staining for carboxylesterases by this method is based on
the formation of a black, insoluble complex between the hydrolytic products and Fast Blue
RR. The images were captured by Carestream 2200 PRO Imager.
2.3. Western analysis
Samples were resolved by 7.5% SDS-PAGE in a mini-gel apparatus and transferred
electrophoretically to nitrocellulose membranes. After non-specific binding sites were
blocked with 5% non-fat milk, the blots were incubated with an antibody against CES1,
CES2 or GAPDH. The antibodies against CES1 and CES2 were prepared with synthetic
peptides and purified as described previously (24, 26). The specificity was established with
the corresponding recombinant proteins. The primary antibodies were localized with goat
anti-rabbit IgG conjugated with horseradish peroxidase. Horseradish peroxidase activity was
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detected with a chemiluminescent kit (SuperSignal West Pico). The chemiluminescent
signal was captured by Carestream 2200 PRO Imager.
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2.4. Site-directed mutagenesis and cell transfection
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There are several polymorphic variants reported in the literature or in the database of the
National Center for Biotechnology Information. To shed light on the sensitivity to orlistat,
variants encoding single mutation were prepared by site-directed mutagenesis as described
previously (27). The parent CES2 plasmid was isolated with a cDNA trapping method and
reported previously (26). Complementary oligonucleotides (Table I) were synthesized,
annealed to the CES2 expression construct, and subjected to a thermocycler for a total of 15
cycles. The resultant PCR-amplified constructs were then digested with Dpnl to remove the
nonmutated parent construct. The mutated PCR-amplified constructs were used to transform
XL1-Blue. All mutated constructs were subjected to sequencing analysis to confirm the
desired mutation being made without secondary mutations. To prepare the corresponding
recombinant CES2 variant, 293T cells were transfected with the wild-type or a mutant
construct with Genjet version II from SignaGen Lab (Rockville, MD) as described by the
manufacturer. The transfected cells were harvested after a-24 incubation and cell lysates
were prepared. Seven mutants were made including N85Q, A139T, A178V, R180H, A187P,
G223R or N250Q (single amino acid substitution).
2.5. Cell viability assay
Cells (HepG2 and LS180) were seeded into 96-well plates (10,000/well). In some cases,
cells were seeded in 6-well plates and transfected with CES2 or the vector. The transfected
cells were then seeded in 96-well plates 24 h after the transfection. The seeded cells, usually
overnight after seeding, were treated with one or more chemicals and cultured in normal
medium (chemicals kept the same) for 48 h. Thereafter, the medium was replaced with fresh
medium containing MTT [(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] at a
final concentration of 0.5 mg/ml. After a 2-h incubation at 37°C, the medium was gently
decanted, and DMSO (100 μl/well) was added to dissolve formazan product. The optical
density (OD) was determined at 570 nm, and the final OD values were calculated by
subtracting the background reading (no seeded cells).
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2.6. Molecular modeling
To gain molecular insight regarding orlistat-inhibition of CESs, we performed molecular
modeling and docking studies. The structure of CES2 was modeled with Discovery Studio
based on the crystal structure of CES1 (www.pdb.org). CES1 structure was retrieved from
the Protein Data Bank (www.pdb.org). Water molecules were removed, and hydrogen atoms
were added if they were missing in the original structural file. Standard protonation states of
the residues were adopted to produce the charged acidic and basic side chains as well as the
N- and C-termini. The homology modeling of CES2 was also performed with Discovery
Studio-client based on sequence similarity and the homology/analogy recognition engine
Phyre (28). The 3-D model of CES2 was evaluated with the “Verify Protein (Profiles-3D)”.
The modeled CES2 structure was tested for the interaction with orlistat with Autodock 4.2.
To compare CES1 with CES2 for the residues in interacting with orlistat, two major
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sequences of CES2 were replaced with the corresponding sequences of CES1. The
subsequent protein mutant was analyzed for the changes in the interaction with orlistat.
Once again, the 3-D structure was constructed with Phyre but the interaction was determined
with Autodock 4.2.
2.7. Statistical analysis
Data are presented as mean ± SD of at least three separate experiments, except where results
of blots are shown in which case a representative experiment is depicted in the figures.
Statistical significance between two means was made by One-way ANOVA followed by a
DUNCAN’s multiple comparison test (p < 0.05). Asterisks or lines were used to indicate
data-points for the comparisons.

3. RESULTS
3.1. Orlistat is a potent inhibitor of human and mouse but not rat CESs
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Orlistat targets gastrointestinal lipases with high selectivity (29). However, clinical
observations suggest that this drug acts on other targets that may confer beneficial or
adverse effects (13). In this study, we made an effort to determine whether orlistat inhibits
CESs, a class of enzymes that are structurally related to lipases. Pooled liver microsomes
from humans, mice or rats were incubated with orlistat at various concentrations (0–1000
nM) and tested for hydrolytic activity. As shown in Fig. 1A, orlistat at 1 nM significantly
inhibited the hydrolysis in human microsomes and ~50% inhibition was detected at 50 nM
orlistat. Increased concentrations up to 1000 nM further increased the inhibition but the
increase was moderate (~20%). Similar concentration-dependent inhibition was detected
with mouse microsomes (Fig. 1B). Surprisingly, orlistat was much less potent in the
inhibition of the hydrolysis in rat microsomes (Fig. 1C). A 10% inhibition was detected at
50 nM and 30% at 1000 nM. Overall, the inhibition in rat microsomes was less than half of
that in human or mouse counterparts (Fig. 1).
3.2. Differential inhibition among CESs
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It was unexpected that mouse microsomes shared with human but not rat microsomes in
terms of the inhibition profile, although mouse and rat share more similarities in terms of the
tissue distribution of CESs and the number of CES genes (17). We did not have all human
and rodent CESs in purified form or in expression construct. Nonetheless, we tested whether
the inhibition varies among CESs by native gel electrophoresis stained for hydrolytic
activity (25). This experiment took advantage of the differences of CESs in electrophoretic
mobility and the observation that many CESs are catalytically active in polyacrylamide gel.
1-Naphthylacetate was used as the substrate, although not all CESs hydrolyze this ester to
similar extent. As shown in Fig. 2A, two dominant activity bands were detected in human
liver microsomes. Importantly, only the lower band (CES2) was profoundly reduced upon
incubation with orlistat. As expected, multiple bands were detected with mouse microsomes,
and two of them (ces2c and ces2e) were inhibited by orlistat (Fig. 2B). Rat microsomes
produced three major and three minor bands, but none of them were evidently inhibited (Fig.
2C). It should also be emphasized that the identity of carboxylesterases was established
based on recombinant carboxylesterases (25). In summary, human CES2 and mouse ces2c
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and ces2e were highly sensitive to orlistat but human CES1, mouse ces1d, rat ces1d and
ces1e were relatively resistant. It should be emphasized that the inhibition detected by this
method with the removal of orlistat by electrophoresis established that orlistat is an
irreversible inhibitor of these CESs.
3.3. Super-sensitivity of human CES2, mouse ces2c and ces2e to orlistat
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The staining experiment provided initial information on the profound difference among
various carboxylesterases toward orlistat inhibition. To confirm this finding, recombinant
CESs were produced and tested for their sensitivity to orlistat. As shown in Fig. 3A, human
CES2 but not CES1 was highly sensitive to orlistat inhibition. Orlistat at 1 nM inhibited
CES2 by 75%, but no inhibition was detected with CES1. Even at 100 nM orlistat, CES1
was inhibited by ~30% only (Fig. 3A). Like CES2, mouse ces2c and ces2e were potently
inhibited by 1 nM orlistat: namely 90 and 55%, respectively. In contrast, ces1d was inhibited
by 12% only at this concentration (Fig. 3B). In a striking contrast, rat ces1d and ces1e, two
major forms of liver CESs, were resistant to orlistat. Even at 10 nM, only a 20% inhibition
was detected for both enzymes (Fig. 3C). In summary, human CES2, mouse ces2c and ces2e
were highly sensitive but human CES1, mouse ces1d, rat ces1d and ces1e were relatively
resistant.
3.4. Cellular inhibition as a function of time
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We next tested whether the inhibition of CES2 takes place within cells. This was of
significance as orlistat is generally considered to be absorbed poorly. To test this possibility,
LS180 cells (a colon adenocarcinoma line) were treated with orlistat for 1–24 h, washed
extensively and lysed by sonication. The lysates were then tested for the hydrolytic activity.
As shown in Fig. 4A, the activity of CES2 but not CES1 was inhibited by ~80% within1-h
incubation. Comparable inhibition was detected when cells were treated for 6 h.
Interestingly, prolonged inhibition (i.e., 24 h) was less effective. We next tested whether the
less inhibition by prolonged incubation was due to increased expression of CES2. Western
blotting was performed with the same gel stained for activity. As predicated, prolonged
incubation increased CES2 expression (Fig. 4A), suggesting that orlistat was depleted by
prolonged incubation, presumably by interacting with other enzymes. To further confirm
this possibility, LS180 cells were treated with orlistat, CHX (a protein synthesis inhibitor) or
both for 24 h, and the activity of CES2 was determined. As shown in Fig. 4B (Top), orlistat,
CHX and co-treatment (both) all markedly inhibited CES2 with the co-treatment causing the
maximal inhibition. Western blotting detected decreases in CES2 expression in cells treated
with CHX (Middle of Fig. 4B).
3.5. Reversal of PPD mediated cell-killing by orlistat
Next, we tested whether the inhibition has any clinical significance. Cells were treated with
PPD in the presence or absence of orlistat. PPD is a carbamate anticancer prodrug and
activated preferentially by CES2 hydrolysis of the ester side chain of the carbamate (20, 21).
As shown in Figs. 5A and B, treatment with orlistat alone caused no changes in cell
viability, whereas treatment with PPD alone caused significant reduction in cell viability in
both LS180 and HepG2 lines. The reduction, however, was significantly reversed by orlistat
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in both cell lines. Fig. 5C shows the representative image of growth status of cells treated
with orlistat, PPD or both.

NIH-PA Author Manuscript

3.6. Differential inhibition of CES2 polymorphic variants
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Our previous study suggested that CES2-activity varied markedly among individual livers
(30). We next tested whether orlistat-inhibition exhibits large individual variations as well.
Individual liver samples were incubated with orlistat and then the remaining hydrolytic
activity was determined. As shown in Fig. 6A, all samples were inhibited by ~15% with a
few exceptions (Fig. 6A). Samples 4 and 5 were inhibited by less than 10% whereas samples
7 and 14 by 40 and 21%, respectively. The individual differences pointed to the existence of
polymorphic variants that differ in responding to orlistat. To test this possibility, we tested
several CES2 variants for orlistat inhibition. As shown in Fig. 6B, variants A139T and
A178V were relatively resistant, whereas the variant R180H was relatively more sensitive,
particularly when orlistat was used at 1 nM. The relative sensitivity among these variants
was confirmed by the native gel staining method (Fig. 6C). The lysates from CES2transfected cells exhibited much greater inhibition than human liver microsomes (Figs. 6A
and B), even when the same substrate (p-nitrophenylacetate) was used. The reason was that
the microsomes but not the lysates contained CES1, which rapidly hydrolyzed pnitrophenylacetate but was resistant to orlistat. We next tested whether the substitutions of
these residues participate in direct contact with orlistat. Molecular docking was performed.
As shown in Fig. 6D, approximately 20 residues interact directly with orlistat. However,
none of them were those identified to support altered sensitivity to orlistat (i.e., A139T,
A178V and R180H).
3.7. Correlation between PPD and irinotecan activation by CES2 variants
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Irinotecan, like PPD, is predominately activated by CES2 (31, 32). We next tested whether
these variants activate irinotecan and PPD to a similar extent. To link the hydrolysis directly
to anticancer activity, cells were transfected to express CES2 or a variant and then treated
with PPD (0.1 μM), irinotecan (1 μM) or the solvent. Cell viability was determined and the
results were calculated as the percentage of the treatment with solvent control. As shown in
Fig. 7A, cell viability with irinotecan was generally higher than that with PPD, although
irinotecan was tested at higher concentration, suggesting that irinotecan was less potent.
Interestingly, variants such as A139T and A178V comparably activated irinotecan but
differed markedly in activating PPD. Overall, hydrolytic activation of irinotecan correlated
moderately with that of PPD (r = 0.6731) (Right of Fig. 7A). These results suggest that these
two esters, although predominately activated by CES2, differ somewhat in interacting with
CES2.

4. DISCUSSION
For more than a decade, orlistat has been a major anti-obesity drug (9). In addition to weight
loss, orlistat is shown to improve metabolic syndrome in general (12). In other cases, orlistat
has been linked to certain organ toxicity as well (13). The molecular targets responsible for
the organ toxicity remain to be determined. In this study, we have characterized a novel
target of orlistat: CES2, a major enzyme in drug metabolism and detoxication of xenobiotics
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(21). Inhibition of CES2 by orlistat occurred intracellularly and decreased the hydrolytic
activation of anticancer drugs. Based on the concentration-inhibition curve, CES2 was even
more sensitive than lipases. Orlistat at 2 nM inhibited porcine pancreatic lipase by 41% (29)
but caused a 70% inhibition of CES2 (Fig. 3). Fatty acid synthase, another orlistat target, is
relatively resistant. Based on substrate labeling study, micromolar concentrations of orlistat
were needed to effectively inhibit this synthase (33). In humans after oral administration at
therapeutic doses, orlistat reaches a blood concentration of 0.20–8.77 ng/ml depending on an
individual (34). Its major metabolites, on the other hand, have concentrations of 20–50 times
of the parent compound (34, 35). It is therefore estimated that orlistat can reach lowmicromolar concentrations after oral administration in the mucosa of the gastrointestinal
track and the liver. Clearly, CES2 can be potently inhibited by regular dosing regimens of
orlistat.
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It was interesting to notice that lipolytic activity of a CES was not a contributing factor to
the potent inhibition of orlistat. Human CES1, rat ces1d and mouse ces1d were all known to
have lipolytic activity (14, 15), but surprisingly inhibited to a much lesser extent by orlistat
(Fig. 3). Similar observation was made on a porcine liver triacylglycerol hydrolase (36) and
in rat primary hepatocytes (37). It can not be excluded, however, that orlistat efficaciously
inhibits these CESs in the presence of a lipid/water interface. Orlistat reportedly inhibited
lipoprotein lipase in the presence but not in the absence of the interface (38). In this study,
however, we used cell-based assays (mimicking closely to therapeutic situation) and
detected portent inhibition of CES2 but not CES1 (Fig. 4), demonstrating that CES2 is a
more sensitive target than CES1 even in the native condition.
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Based on the relative sensitivity toward orlistat, CESs can be divided into major types:
highly sensitive type such as CES2 and the other relatively resistant type such as CES1. In
human liver microsomes, a 46% inhibition was detected when orlistat was used at 50 nM,
but 20 times this concentration (1 μM) caused only a 20% additional inhibition (Fig. 1A).
Similar observation was made with mouse microsomes (Fig. 1B). Rat CESs, on the other
hand, were less sensitive, consistent with the report using primary hepatocytes (37). Orlistat
at 50 nM caused a 10% inhibition and 30% inhibition at 1 μM orlistat (Fig. 1C). Overall, rat
CESs are much less sensitive than human and mouse CESs. These findings suggest that
mouse is a better model for humans on orlistat-inhibition. In addition to species difference,
there were individual variations as well. Certain individuals exhibited more than four times
the difference in orlistat inhibition (sample 4 versus 7) (Fig. 6B).
Genetic polymorphism of CES2 is likely a major contributor to the individual variation in
orlistat inhibition. In this study, we have shown that CES2 variants such as A139T and
A178V were resistant to orlistat, whereas R180H was more sensitive (Fig. 6B).
Interestingly, none of these residues directly line up with the catalytic cavity based on the
docking study (Fig. 6B). On the other hand, sequence alignment has revealed three regions
where the highly sensitive CESs share with or differ markedly from less sensitive CESs.
These residues differ in the charges or lipophilicity (Fig. 7B). One of the regions (58–93
amino acids) harbors the helix α1, which is part of the catalytic domain (39). The region
(256–280 amino acid), part of the αβ domain, has a 15 amino acid deletion among sensitive
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CESs. The region from residue 390 to 428 stretches helices α13 to α14. Like the helix α1,
these two helices are parts of the catalytic domain.
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Orlistat-inhibition on CESs may have profound clinical significance. CES2 is a major CES
that is highly expressed in the gastrointestinal track and liver. Many ester drugs such as
aspirin and prasugrel are hydrolyzed primarily by CES2 (30, 40). Both aspirin and prasugrel
are antiplatelet agents. However, hydrolysis has opposite effect on the therapeutic potential
of these drugs. Hydrolysis of aspirin decreases the therapeutic activity, whereas hydrolysis is
required for prasugrel to gain therapeutic activity. As a result, inhibition of CES2 by orlistat
would enhance the antiplatelet activity of aspirin, but the opposite would be true for
prasugrel. Aspirin is one of the oldest drugs but prasugrel is a new drug. Interestingly,
aspirin-orlistat interactions have not been well characterized. One of major adverse effects
of orlistat is oily spotting (13). It is likely that such a gastrointestinal side effect may actually
decrease the absorption of aspirin, thus minimizing otherwise evident orlistat-aspirin
interaction. Nevertheless, we have shown that co-treatment with orlistat significantly
reversed the cell killing activity of PPD (Fig. 5), a prodrug that is hydrolytically activated by
CES2 (20, 21).
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In summary, our work points to several important conclusions. Firstly, we have shown that
orlistat is a potent inhibitor of several major human and mouse CESs, establishing that
orlistat decreases the hydrolysis of not only lipophilic but also hydrophilic compounds.
Secondly, several polymorphic variants of CES2 have been found to differ markedly from
the wild-type enzyme in orlistat inhibition, pointing to a possibility of large individual
variation. Thirdly, inhibition of CES2 by orlistat significantly decreases the cell killing
activity of PPD, suggesting that co-administration of orlistat alters the therapeutic potentials
of drugs activated or eliminated by CES2 (41). CES2 is a major detoxication enzyme in the
gastrointestinal track and in the liver. Orlistat has been linked to various types of organ
toxicities. Characterization of CES2 as a novel orlistat target provides an alternative
explanation to the organ-based toxicity.
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Abbreviation
CES

carboxylesterase

CHX

cycloheximide

DMEM

Dulbecco’s modified eagle medium

GAPDH

glyceraldehyde-3-phosphate dehydrogenase

PPD

pentyl carbamate of p-aminobenzyl carbamate of doxazolidine
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Fig. 1. Inhibition of p-nitrophenylacetate hydrolysis of pooled microsomes from human (A),
mouse (B) or rat (C) livers by orlistat

NIH-PA Author Manuscript

Microsomes (15 μg) from human liver (n = 14), mouse liver (n = 4) or rat liver (n = 4) were
pre-incubated in a total volume of 990 μl with orlistat at various concentrations (0–1μM) for
30 min. The pre-incubated mix was then transferred into sample cuvette (1 ml) in 100 mM
potassium phosphate buffer, pH 7.4. Reactions were initiated by adding p-nitrophenylacetate
(10 μl of 100 mM stock in acetonitrile) and hydrolytic rate was recorded from an increase in
absorbance at 400 nm. The absorbance without orlistat was expressed as 1.0. Results were
from three separate experiments.
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Fig. 2. Non-denaturing electrophoresis stained for hydrolytic activity of pooled microsomes from
human (A), mouse (B) or rat (C) livers

Microsomes (15 μg) from human liver (n = 14), mouse liver (n = 4) or rat liver (n = 4) were
pre-incubated in a total volume of 10 μl with orlistat at various concentrations (0, 0.1 or
1μM) for 30 min. To the pre-incubated mix, 2.5 μl sample loading buffer was added. The
samples were then subjected to native gel electrophoresis and stained for esterase activity
with 1-naphythylacetate as described in the section of Materials and Methods. The staining
intensity was captured by Carestream 2200 PRO Imager. This experiment was repeated four
times.
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Fig. 3. Inhibition of p-nitrophenylacetate hydrolysis of recombinant carboxylesterases from
human (A), mouse (B) or rat (C) livers by orlistat
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Cell lysates (1–5 μg) from 293T cells transfected with a carboxylesterases were preincubated in a total volume of 10 μl with orlistat at various concentrations (0–100 nM) for
30 min. The hydrolysis of p-nitrophenylacetate was determined as described above. Results
were from three separate experiments. An asterisk sign indicates statistical significance from
the control (P < 0.05).
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Fig. 4. Intracellular inhibition of CES1 by orlistat as a function of incubation time and CHX

(A) Inhibition as a function of incubation time LS180 cells (2 × 105) were seeded in 12-well
plates overnight. The cells were then treated with orlistat (0.5 μM) for 1, 3, 6 and 24 h. Cells
were harvested and lysates (10 μg) were analyzed by native-gel electrophoresis stained for
esterase activity with 1-naphythylacetate as descried in the section of Materials and
Methods. The same gel was analyzed by Western blotting with mixed antibodies against
CES1 and CES2. (B) Inhibition in the presence or absence of CHX LS180 cells (2 × 105)
were cultured as above and treated for 24 h with orlistat (0.5 μM), CHX (20 μM) or both.
Cell lysates (10 μg) were analyzed for esterase activity by native gel electrophoresis (CES2)
or Western blotting (CES2 and GAPDH). All experiments were repeated three times.
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Fig. 5. Decreased cell killing of PPD by orlistat

(A) Decreased cell killing of PPD by orlistat in LS180 tumor line LS180 cells were plated in
96- or 12-well plates at a confluence of 30%. Cells were then treated with orlistat (0.5 μM),
PPD (0.3 μM) or both. After 48 h-culture, cells were analyzed by MTT. Single or double
asterisk signs indicate statistical significance from the control (P < 0.05). (B) Decreased cell
killing of PPD by orlistat in HepG2 tumor line HepG2 cells were cultured and treated as
LS180 cells, so were the determinations on cell viability. Single or double asterisk signs
indicate statistical significance from the control (P < 0.05). (C) Microscopic images of cells
of LS180 (100 ×).
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Fig. 6. Orlistat-inhibition of hydrolysis by individual liver samples and CES2 variants and
molecular docking

(A) Inhibition of hydrolysis of individual liver samples Microsomes (40 μg) from individual
human liver were pre-incubated in a total volume of 990 μl with orlistat at various
concentrations (10 nM) for 30 min. The hydrolytic activity was determined as described
above. Results were from triplication. The dotted line indicates the average inhibition and an
asterisk sign indicates statistical significance from the average inhibition (P < 0.05). (B)
Inhibition of hydrolysis of CES2 variants Lysates (5 μg) from cells transfected with CES2
(wild type or a variant) were pre-incubated in a total volume of 990 μl with orlistat at
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various concentrations (0–10 nM) for 30 min. The hydrolytic activity was determined as
described above. Results were from triplication. The dotted line indicates the average
inhibition and an asterisk signs indicates statistical significance from the average inhibition.
(C) Confirmation of differential inhibition by electrophoresis Cell lysates (10 μg) were
analyzed for esterase activity by native gel electrophoresis (CES2) or Western blotting
(CES2 and GAPDH). All experiments were repeated three times. (D) Molecular docking of
orlistat into CES2.
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Fig. 7. Hydrolytic activation of prodrugs and sequence alignment analysis

(A) Hydrolytic activation of irinotecan and PPD Cells (293T) were transfected with CES2
(wild-type or a mutant) or the vector. After overnight, the transfected cells were treated with
DMSO, irinotecan (1 μM) or PPD (0.1 μM). The treatment lasted for 48 h and cell viability
was determined. The relative viability between PPD and irinotecan treatment was analyzed
by correlation. (B) Sequence alignment of human CES2 (numbered), mouse ces2c, mouse
ces2e, human CES1, mouse ces1d, rat ces1d and ces1e.
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Sequences of primers for site-directed mutagenesis
Primer

Sequence

CES2-N85Q

5′-TTTCTTAGCCAGTTCCAGATGACCTTCCCTTCC-3′

CES2-A139T

5′-GATGGTTCCATGCTGACTGCCTTGGAGAACGTG-3′

CES2-A178V

5′-TACCTGGACCAAGTGGTTGCACTACGCTGGGTC-3′

CES2-R180H

5′-CAAGTGGCTGCACTACACTGGGTCCAGCAGAAT-3′

CES2-A187P

5′-GTCCAGCAGAATATCCCCCACTTTGGAGGCAAC-3′

CES2-G223R

5′-CAAGGACTCTTCCACAGAGCCATCATGGAGAGT-3′

CES2-N250Q

5′-TCCACGGTGGTGGCCCAACTGTCTGCCTGTGAC-3′
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